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ABSTRACT
The solution photophysics and photoredox reactions of several Mora and Mov 
complexes have been studied. Acetonitrile solutions of (Me3[9]aneN3)MoX3 (X =
Cl, Br, I; Me3[9]aneN3 = 1,4,7-trimethyl-1,4,7-triazacyclononane) are phosphorescent 
at room temperature, with the following emission maxima, lifetimes, and quantum 
yields: X = Cl, 1120 nm, 1.0 ps, and 6.1 x 10-5; X = Br, 1130 nm, 800 ns, and 9.6 
x 10-5; X = I, 1160 nm, 400 ns, and 1.2 x 10-4. HB(Me2pz)3MoCl3 (Me2pz = 3,5- 
dimethylpyrazole), (Me3[9]aneN3)WCl3 and mer-MoCl3(pyridine)3 phosphoresce 
more weakly. All three molybdenum-Me3[9]aneN3 complexes undergo reversible 
one-electron photooxidation in the presence of acceptors such as tetracyanoethylene 
(TCNE) and 2,3,5,6-tetrachloro-l,4-benzoquinone (chloranil). (Me3[9]aneN3)MoX3 
(X = Br, I) is photooxidized irreversibly to [(Me3[9]aneN3)MolvX3]+ by C(N02)4 in 
CH3CN. In CH3CN-H20  (1:1 v/v), photoinitiated two-electron oxidation occurs: 
Mo™ is also the initial product, but it disproportionates to form 
[(Me3[9]aneN3)MovOX2]+.
Acetonitrile solutions of MovOCl4(CH3CN)~ and MovOBr4(CH3CN)- , and 
CH2C12 solutions of MovOCl4(H20 )“ and MovOBr4(H20)~, fluoresce at room 
temperature with maxima in the 900-950 nm range and the following excited-state 
lifetimes (and quantum yields): 100 ns (4 x 10-4); 40 ns (1 x 10-4); 60 ns (9 x 
10-5); and 30 ns (3 x 10“5) respectively. [(Me3[9]aneN3)MovOBr2]+, 
[(Me3[9]aneN3)MovOI2]+, HB(Me2pz)3MovOCl2 and [(Me3[9]aneN3)WvOCl2]+
fluoresce more weakly in solution at room temperature. MovOC14(CH3CN)_ and 
MovOBr4(CH3CN)“ are reversibly photooxidized in CH3CN solution by TCNE and 
chloranil.
The crystal structure of (BV)[MoOBr4(H20)]Br-CH3CN has been determined 
by single crystal X-ray crystallography. Crystals of (BV)[MoOBr4(H20)]BrCH3CN 
are triclinic, space group PI. The compound luminesces in the solid state at room 
temperature. The luminescence of MoOBr4(H20 )_ is not significantly quenched by 
the BV2+ electron acceptors in the solid state, in spite of the thermodynamic 




Research in the field of inorganic photochemistry is still generating intense 
interest and a number of monographs and review articles have appeared over the past 
two decades detailing important advances in this area.11 Also several books and 
articles have appeared in the literature on applications of inorganic 
photochemistry112 in areas such as solar energy storage and catalysis,1:3 
molecular probes1:4 and sensors.1:5 The study of the photochemistry of 
transition-metal complexes is attractive for a number of reasons. First, many 
transition-metal complexes are brightly colored chromophores that absorb relatively 
low-energy visible light, which forms a major portion of the solar spectrum. 
Photoredox experiments for application to solar energy storage require visible-light- 
absorbing compounds such as transition-metal complexes to serve as photosensitizers. 
Second, many of these complexes are stable in several adjacent oxidation states. The 
reduction and oxidation of simple organic and inorganic substrates to produce useful 
products usually requires the transfer of more than one electron in each 
molecule.1:6 And third, some of the complexes possess long-lived excited states in 
solution at room temperature. Thus, transition-metal complexes are well suited for 
use as sensitizers in photochemically driven redox systems.
The requirements for ideal performance of photochemical and photovoltaic 
solar energy conversion and storage devices were discussed in a recent article by 
Archer and Bolton.1:7 Even though high efficiencies for the direct conversion of 
solar energy to electricity have been achieved by photovoltaic devices,1:8 they have 
a disadvantage in that the converted energy must be used immediately. Other
alternatives that have been explored include photochemical solar energy storage 
experiments which involve the production of highly energetic fuels from cheap 
simple reactants. An example of a reaction that has been studied for photochemical 
fuel production is the cleavage of H20  to form H2 and Oz (reaction 1.1).1:9 This 
reaction is quite attractive because a nonpolluting fuel (H2) is produced from a 
substrate that is cheap and abundant.
2H20 ( l ) - ^ 2 H 2(g) + 0 2(g) (1.1)
E° = -1.23 V (AG° = 237 kJ mol"1 of H20)
Another example is the photoreduction of C02 to produce formic acid.1:10
2C02(g) + 2H20(1) 2HC02H(aq) + 0 2(g) (1.2)
E° = -1.43 V (AG° = 276 kJ mol"1 of C 02)
A photochemical system for driving these thermodynamically "uphill" reactions 
efficiently (reactions 1.1 and 1.2) must meet certain requirements: The 
photochemical system must be capable of absorbing low-energy visible or near-IR 
light. The electron transfers that are induced must lead to charge separation in an 
oxidant-reductant pair, which must stay separated long enough for additional redox 
reactions to take place. The photochemical electron transfer must be carried out four 
times by the photoredox systems in order to achieve one reaction turnover: splitting 
of two moles of H20  or reduction of two moles of C 02. In addition, the transition-
metal complex must be capable of carrying out the desired reaction in such a way as 
to avoid the generation of high-energy one-electron radical intermediates (e.g. OH-). 
Production of one-electron radical intermediates can be avoided in a system where a 
spontaneous second electron transfer can take place. Also, the successive electron 
transfers used by the system should occur with similar electrode potentials, so that 
there is little barrier to multielectron transfer.
Transition-metal Photosensitizers
Chromophores such as transition-metal complexes are required as 
photosensitizers or photoredox reagents in reactions 1.1 and 1.2. This is because the 
reactants, H20  and C 0 2, do not absorb visible or near-UV light and as a result they 
cannot make use of a significant portion of the solar spectrum. Several types of 
transition-metal complexes have long-lived excited states and are photoredox-active. 
Examples of photoredox-active transition-metal complexes include binuclear 
complexes of Rh1 1:11 and Pt11,112 d3 polypyridine complexes of Cr111,113 d6 
polypyridine complexes of Re1,1:14 Rhm, and Ir111,^15 as well as Ru11 1:16 
and Osn.1:17 Also well studied are square-planar d8 complexes of Pt11,1118 
tetrahedral copper(I) species,1:19 closed-shell porphyrin1120 and 
phthalocyanine1:21 complexes. All of these possess redox-active excited states 
which are long-lived in solution at room temperature. However, they are only 
capable of undergoing one-electron transfer reactions.1:22 As outlined above,
many desirable redox processes require the transfer of several electrons. As a result 
of this "mismatch", these photosensitizers often function inefficiently.
The one-electron-transfer products of the transition-metal complexes currently 
being used as photosensitizers are generally slow in undergoing direct reaction with 
substrates. For example, Ru(bpy)33+, which can be produced photochemically with 
high efficiency from Ru(bpy)32+ in the presence of electron acceptors,1123 is 
thermodynamically capable of oxidizing water to 0 2 (i.e. AG < 0 for reaction 1.3):
4Ru(bpy)33+ + 2H20  > 4Ru(bpy)32+ + 0 2 + 4H+ (1.3)
However, this reaction proceeds slowly in homogeneous solution, probably because 
elementary processes such as reaction 1.4 are highly unfavorable.
Ru(bpy)33+ + H20 ---------- » Ru(bpy)32+ + H20  + (1.4)
Oxidation of Ru(bpy)33+ by a second electron would produce Ru(bpy)34+, 
which might be a rapid two-electron oxidant. However, this type of spontaneous 
electron-transfer reaction of an initial one-electron transfer product is nearly always 
thermodynamically unfavorable.
Some multielectron redox reactions have been sensitized by coupling a one- 
electron excited-state reaction with heterogeneous co-catalysts. These include Ru02 
for the mediation of light-induced 0 2 evolution13 from H20  (reaction 1.3) and Pt for
H2 evolution.1124 Also, Co(bpy)32+ has been used as a homogeneous co-catalyst 
for the photoreduction of H20  to H2.1:25 The work described in this dissertation,
on the other hand, is designed for similar reactions in homogeneous solutions without 
using co-catalysts.
Metal Complexes as Multielectron Redox Agents.
There are many examples of transition-metal complexes that are either 
catalysts or stoichiometric reagents for multielectron oxidation of organic 
substrates.1:26 Several transition-metal porphyrin complexes have been used as 
catalysts or stoichiometric reagents for hydroxylation of a number of substrates. For 
example, iron(III) porphyrins catalyze epoxidation of olefins1:27 and hydroxylation 
of hydrocarbons by iodosylbenzene.1:28 An example of stoichiometric 
multielectron reduction, on the other hand, is the deoxygenation of ethylene oxide by






A recent review article by Holm described metal-centered thermal O-atom 
transfer reactions.1130 An example of a transition-metal complex that has been 
used in a two-electron "atom transfer" reaction is:1:31
Movi0 2(S2CNR2)2 + PPh3  > MoivO(S2CNR2)2 + OPPh3 (1.6)
The ability of certain transition-metal coordination environments to favor 
efficient non-photochemical multielectron transfer has been extensively 
explored.1:32 Among the most promising in this application are complexes with 
one or more readily exchangeable coordination sites; they enable coordinated ligands 
to take part in redox reactions. This type of reactivity is illustrated by studies done 
by Meyer and co-workers with Ru and Os complexes of pyridine and polypyridine 
ligands.1:31 These studies show that the coupling of proton and electron transfer can 
lead to closely spaced electrode potentials, stabilizing multiple adjacent oxidation
n , 1 .oo
states in solution. For example, the complex (trpy)(bpy)Ru(OH2) (trpy = 
2,2',2"-terpyridine; bpy = 2,2'-bipyridine), represented below as N5Run(OH2)2+, can 
undergo coupled electron and proton transfer to give overall two-electron transfer as 
follows:
N5Run(OH2)2+ N5RumOH2+ N5RuIV0 2+ (1.7)
—H —H
Meyer and co-workers have also studied [(bpy)2(py)Rurv(0)]2+ (bpy = 2,2'- 
bipyridine; py = pyridine), which oxidizes phenol to benzoquinone1:34, olefins to 
epoxides1:35 and alcohols to aldehydes and ketones.136
Despite the chemical and catalytic activity of these complexes, they are not 
photosensitive. This precludes their use in photoredox systems.
Scope of This Dissertation
The aim of this work was to find complexes that combine photoactivity with 
multielectron redox activity. These properties are found in the (P configuration of 
early transition-metal complexes. Several complexes of chromium(III) possess 
redox-active phosphorescent excited states, but they can only undergo single electron 
transfer. Molybdenum and tungsten complexes, on the other hand, are known to be 
stable in oxidation states -II to VI,1:37 Therefore, Mom and Wra should retain 
the photochemical activity of cP complexes while possessing the capability for 
multielectron transfer.
The premise that these two desirable properties of photoactivity and 
multielectron transfer can be combined within a single cP mononuclear complex of 
Mom or Wm has been addressed in this research work. Closely related systems that 
were also studied are the oxo-d1 Mov and Wv complexes. These complexes also 
luminesce in solution at room temperature and possess long-lived excited states that 
are capable of undergoing redox reactions.
9
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CHAPTER 2





We are studying the photochemistry of P  complexes of the early transition 
metals because they are stable in oxidation states with the photophysically attractive 
P  configuration2:1,2;2,2:3 as well as in several adjacent oxidation states. We 
have applied this stability in multiple oxidation states to the photoinitiated two- 
electron oxidations of V(phen)32+ * to V02+ 2:4 and of Mo(NCS)63~ to 
Mo20 4(NCS)64-.2:5 Also, we recently reported that ReCl62_ undergoes 
photoinitiated three-etectron oxidation, producing Re04- .26 Among other Mo(ID) 
complexes, MoC163- appeared well suited for photoredox reactions: its lowest-energy 
excited state (energy ca. 1.1 eV) has a lifetime of 500 ns.2:? However, MoC163- is 
stable only in the presence of extremely high concentrations of Cl- (e.g. in conc. 
HCl(aq)). In the present work, which is the first systematic study of solution 
photophysics and photoredox reactions of molybdenum(III) complexes, we have 
examined several species that are stable in more conventional solvents. The most 
promising species, because of their well-defined absorption and emission spectra and 
their facile photoredox reactions, contain the 1,4,7-trimethyl-1,4,7-triazacycIononane, 
or Me3[9]aneN3, ligand; they were first reported by Wieghardt and co- 
workers.2:8,2:9 We find that one-electron photooxidation, followed by 
disproportionation, is a facile route for photoinitiated two-electron oxidation in
* Abbreviations: Me3[9]aneN3 = l,4,7-trimethyI-l,4,7-triazacyclononane; 
HB(Me2pz)3“ = hydrotris(3,5-dimethyI-l-pyrazolyl)borate; py = pyridine; bpy = 2,2'- 
bipyridine; phen = 1,10-phenanthroline; bpyz = 2,2'-bipyrazine; TCNE = 
tetracyanoethylene (ethenetetracarbonitrile); chloranil = 2,3,5,6-tetrachloro-l,4- 
benzoquinone; BV2+ = benzylviologen (l,T-bis(phenylmethyl)-4,4'-bipyridinium).
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several of these systems. We expect that these two-electron transformations will 
prove to be a common feature in the photochemistry of second- and third-row metal 
complexes.
Experimental Section
Materials. Chloranil (MCB) was purified by recrystallization from 1,2-
dichloroethane. Tetracyanoethylene (TCNE; Aldrich) was purified by
recrystallization from chlorobenzene and subsequent sublimation. Benzylviologen
dichloride (Sigma Chemical Co.) was converted to the tetrafluoroborate salt by
metathesis with NaBF4 in a mixture of methanol and water,2:10 and this was
purified by recrystallization from aqueous ethanol. MoCl3(py)3 was prepared from
K3MoC16 (Sharpe Chemical Co., Burbank CA) by the method of Jonassen and
Bailin.2:11 The method of Trofimenko2:12 was used for preparing
KHB(Me2pz)3. (Et4N)[HB(Me2pz)3MomCl3] was prepared using the procedure of
Millar and co-workers,2:13 modified by adding small
amounts of water to facilitate the precipitation of the
product following ethanol reduction of
HB(Me2pz)3MorvCl3. Other materials and solvents were
of the highest grade commercially available and were nT
HB(Me2Pz)3MoUICl3-
used as received. Samples for photochemical
measurements were prepared by using drybox, Schlenk or high-vacuum techniques.
pr
Me3[9]aneN3 and its Mo and W complexes. This ligand has been prepared
produce l,4,7-tritosyl-l,4,7-triazacycIononane (Ts3[9]aneN3), which was converted to 
[9]aneN3-3HBr by treatment with conc. HBr(aq).216 A suspension of 
[9]aneN3-3HBr in benzene was treated with excess NaOH(s), with stirring, over a 
period of 48 h. Solid NaBr and NaOH were filtered off, and the filtrate was 
evaporated to produce crude 1,4,7-triazacyclononane, [9]aneN3, as a nearly colorless 
oil. Pure [9]aneN3 is a low-melting solid; however, the oil was pure enough, as 
judged by *H nmr, for methylation.2:17 Methylation with HCHO(aq) and 98% 
HC02H2;18 was followed by treatment with excess NaOH(aq) and extraction with 
benzene. The benzene layer was dried over Na2S04 and evaporated, giving 
Me5[9]aneN3 as a pale yellow oil which was essentially pure by *H nmr.
by a variety of methods;2:14 we outline here the
procedure we found most convenient. Diethylenetriamine
was tosylated2;15 and the conjugate base of the resulting i
CH3
tritosyl compound treated with ethylene glycol ditosylate to Me3[9]aneN3
(Me3[9]aneN3)MoX3 (X = Cl, Br, I)2:8 and (Me3[9]aneN3)WCl32:9 were
prepared by literature methods. These were characterized
Cl
measurements, except for a few of the bands observed in
by electronic and IR spectroscopy and by cyclic
voltammetry where appropriate. All of these
(Me3[9]aneN3)MoCl3
our electronic spectra, agreed with those reported by
Wieghardt and co-workers. Where there were discrepancies
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in the electronic spectra, we repeated the preparations and found that our data were 
reproducible; the purity of all such samples was also checked by microanalysis 
(Desert Analytics, Tucson, AZ).
Instruments and procedures. Cyclic voltammograms were recorded by 
using either a PAR model 174A Polarographic Analyzer or a Wenking TS70/1 
potentiostat with a home-built microcomputer interface. The cell contained Pt 
working and counter electrodes and an aqueous Ag/AgCl (3 M NaCl) reference 
electrode. The half-wave potential for the Fc/Fc+ (Fc = ferrocene) reference redox 
couple in CH3CN under these conditions was 0.47 V.
Electronic absorption spectra were recorded on an Aviv 14DS 
spectrophotometer. Luminescence measurements (performed in the front-face mode) 
and flash kinetic spectroscopy were performed using apparatus previously 
described.216 Continuous photolyses with irreversible electron acceptors were 
performed by using appropriate cutoff filters to ensure that only the Mo complexes 
were irradiated. The phosphorescence spectra in Figures 2.1-2.3 were all recorded 
with a bandpass of ca. 15 nm.
Emission quantum yields were measured in deoxygenated solutions (CH3CN, 
25 °C, 436 nm excitation, 15 min N2 bubbling) by comparison with 
[Run(bpy)2(bpyz)]2+ (A,maxem 710 nm; d>em 0.019 in propylene carbonate at room 
temperature2119). Absorbances for the Ru11 standard and the Mom sample were 
between 0.06 and 0.14; they were matched within 5% in any one experiment. The 
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Figure 2.3. Electronic absorption (---------) and corrected emission (■■■) spectra for
(Mej [9] aneN3)Mo!3 in CH3CN at room temperature.
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reabsorption of emitted light due to vibrational overtones in the near- 
IR.2:20,2:21,2;22 They are plotted (in Figures 2.1-2.3) in units proportional to 
quanta per nm bandwidth.
Experiments on the nanosecond timescale utilized excimer (XeCl, 308 nm) or 
Nd:YAG lasers (532 and 355 nm). Kinetic data from these experiments were 
recorded and analyzed by using Hewlett-Packard or Biomation/Tektronix 
digitizer/microcomputer systems. Near-infrared luminescence lifetimes were 
measured with the same apparatus, but using a Ge photodiode (Judson 2 mm dia.) 
operated at room temperature (3 V reverse bias; response time ca. 50 ns). The 
experimental detector response function was used to estimate actual emission 
lifetimes by deconvolution. These lifetimes, and the emission quantum yields and 
electron-transfer quenching rate constants, were reproducible within ±10%.
The quantum yield for the photooxidation of (Me3[9]aneN3)MomBr3 to 
[(Me3[9]aneN3)MoIVBr3]+ by C(N02)4 was determined by using a single 532 nm 
pulse (360 mJ) from a Nd:YAG laser as the excitation source. The single pulse was 
required because the products, C(N02)3“ and [(Me3[9]aneN3)MoIVBr3]+, absorb more 
strongly than the reactants at nearly all wavelengths.
Results
Electronic absorption spectra. The absorption spectra of MoC163- and 
Mo(NCS)63- have been discussed previously.2:5,2:7’2:23'2:24,2:25 Among the 
other complexes we have studied, (Me3[9]aneN3)MoX3 (X = Cl, Br, I) show the
22
best-defined spectra; see Figures 2.1-2.3 and data in Table 2.1. These are very 
similar to those reported for MoC163-.2:7,2:26 We assign the weak bands in the 
660-750 and 1000-1150 nm regions in the complexes to the spin-forbidden 
transitions 4A2g—»2T2g and 4A2g—»{2Eg, 2Tlg} respectively. The absorption bands in 
the 350-500 nm range are due to the spin-allowed d-d transitions 4A2g—>4T2g and 
4A2g—>4T lg, the latter appearing at higher energy. Next are the intense ligand-to- 
metal charge transfer (LMCT) bands, which appear at higher energies in the order I 
< Br < Cl, as expected. In (Me3[9]aneN3)MoI3, the first LMCT band, at 370 nm, 
obscures the second spin-allowed d-d transition (4A2ĝ 4T lg).
The spectra of HB(Me2pz)3MoinCl3“ 2:13 and MoCl3(py)3 2:24*2:27*2:28 
show spin-forbidden absorption bands, 4A2g—»2T2g and 4A2g—>{2Eg, 2Tlg}, with peaks 
near those found for the other Mom complexes; see Table 2.1. In both cases, the 
spin-allowed d-d bands are obscured by intense charge-transfer transitions beginning 
near 500 nm.
Solutions of (Me3[9]aneN3)WCl3 (see Figure 2.4) in CH3CN show a number 
of weak, narrow absorption bands in the 650-720 nm and 1050-1200 nm regions. 
These features are similar to those previously reported for ReCl62_ 2:6,2:7,2:29 
Thus, in analogy with ReCl62-, we assign these bands to the JA2Ê .2T2i, and 
4A2g-» (2E£. * r le) transitions respectively; the two 2T terms are expected to be split 
substantially by spin-orbit coupling.
Table 2.1. Electronic Absorption Spectra of Mo111 and W111 Complexes3
Complex Solvent LMCT V » t w
MoC163- b conc. HC1 <300 420 (40), 520 (30) 670 (1.4) 1050 (0.5)
(Me-jPJaneN^MoCLj CH3CN 210, 240 350 (170), 420 (110) 672 (2.8), 684 (3.2) 1050 (1.3)
(Me3 [9] aneN3)MoB r3 c h 3c n 210sh, 250, 280 375 (230), 440 (140) 684 (13), 694 (14) 1050 (3.3)
(Me3[9]aneN3)MoI3 c h 3cn 260sh, 305, 330, 370 470shc 722 (80) 1080 (10)
MoCl3(py)3d pyridine <500 e 690 1140
HB (Me2pz)3MoCl3~ CH3CN <500 e 690 1250
(Me3[9]aneN3)WCl3f c h 3cn 310 380sh 650-720 1050-1300
aAmax/nm; e/M-1 cm-1 in parentheses; sh = shoulder. bData from ref 2:7. c 4A2g ^ 4Tig is buried under charge-
transfer transitions. dData from refs 2:24, 2:27, 2:28. eThe spin-allowed d-d transitions are buried under charge-transfer 
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Figure 2.4. Electronic absorption (ca. 1 mM in CH3CN, ) and phosphorescence
(solid state, ■■■) spectra for (Me3[9]aneN3)WraCl3 at room temperature.
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Transient absorption spectra. Pulsed-laser irradiation (10 ns, 355 nm) of 
the three (Me3[9]aneN3)MoX3 complexes in CH3CN solution produces transient 
absorption signals (as well as bleaching for X = I); these are illustrated in Figure 2.5. 
All of these signals decay exponentially, with lifetimes similar to those observed in 
emission (see Table 2.2). The transient absorption signals are most intense at 
relatively high energy. Also, like the intense bands in the ground-state absorption 
spectra, the major excited-state features occur at higher energies in the order I < Br < 
Cl. Therefore, they are probably associated with excited-state LMCT transitions.
With (Me3[9]aneN3)MoI3, bleaching of the intense ground-state LMCT absorption 
band at 370 nm is observed also; this decays with a lifetime similar to those 
observed in emission and transient absorption.
Emission spectra. Like MoC163- and Mo(NCS)63-,2:7 many of the d3 
complexes studied herein luminesce in solution at room temperature. The corrected 
phosphorescence maxima of the (Me3[9]aneN3)MoX3 complexes in acetonitrile are in 
the 1120-1160 nm range. The excited-state lifetimes for (Me3[9]aneN3)MoX3, 
measured both in transient absorption and emission, are 1000 ns, 800 ns and 400 ns 
for X = Cl, Br, and I respectively. (These values were obtained in dilute solutions, 
i.e. with concentrations < 1 mM. For (Me3[9]aneN3)MoCl3, the measured lifetime of 
a saturated solution, ca. 4 mM, was approx. 20% shorter.) Phosphorescence quantum 
yields, also measured in dilute solution, measured by comparison with 
[Ru(bpy)2(bpyz)]2+,219 are largest for the iodide complex: X = Cl, 6.1 x 10“5; X = 
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Figure 2.5. Transient absorption spectra of (Me3[9]aneN3)MoX3 (X = Cl, Br, I) 
CH3CN at room temperature.
Table 2.2. Room-Temperature Phosphorescence of Mo111 and Wm Complexes
Complex Medium W nm3 W nsb W nsb $>c £(’,2Eg")/cm_1 d i?l/2/VC £*y2/Vc
MoC163- f conc. HC1 1095s 550 480 9239h -0.76* -1.92
(Me3[9]aneN3)MoCl3 CH3CN 1120 1050 960 6.1 x 10"5 9200 0.39 -0.75
(Me^JaneN^MoBrj ch3cn 1130 750 800 9.6 x 10~5 9200 0.50 -0.64
(Me3[9]aneN3)MoI3 c h3c n 1160 350 450 1.2 x 10-4 8900 0.53 -0.58
MoCl3(py)3 solid 1400s ca. 8000
HB(Me2Pz)3MoCl3“ CH3CN >12508’j <8000 0.02 >-0.98
(Me3[9]aneN3)WCl3 solid 1400s ca. 7400 -0.39 -1.3
“Corrected, unless otherwise noted, lifetim es measured in transient absorption (x ^ )  and in emission (xem). cQuantum yield in 
dilute solution; 436-nm excitation. dEstimated by averaging absorption and emission maxima. eHalf-wave potentials vs. Fc/Fc+ in 
CH3CN: Em , ground-state; E*U1, excited-state (estimated). fData from ref 2:7. 8Uncorrected. hSpectroscopic 0-0 energy, from 
ref 2:26. ‘In CH2C12: Heath, G. A.; Moock, K. A.; Sharp, D. W. A.; Yellowlees, L. J. J. Chem. Soc., Chem. Commuti. 1985, 
1503-1505. ^Phosphorescence too weak for reliable estimate of A,mar
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HB(Me2pz)3MoCl3- shows weak phosphorescence, with a peak near 1300 nm 
in CH3CN solution at room temperature. No luminescence was detected from mer- 
MoraCl3(py)3 in solution at room temperature in any of the common solvents 
(acetonitrile, dichloromethane and pyridine) it dissolves in. However, mer- 
MomCl3(py)3 emits in the solid state. Figure 2.6 shows the phosphorescence spectra 
of the complex at 77 K and room temperature. The tungsten(III) complex 
(Me3[9]aneN3)WCI3 also phosphoresces: emission occurs near 1400 nm in the solid 
state at room temperature (see Figure 2.4). As far as we are aware, this is the First 
example of luminescence from any tungsten(III) complex.
We found that solutions of these last three complexes, HB(Me2pz)3MoinCl3- , 
MoCl3(py)3, and (Me3[9]aneN3)WmCl3, were not sufficiently stable for 
photochemical study. The tungsten(III) complex has also been reported to be more 
difficult to purify and less stable than the analogous Mo(III) species.2;9,2:3°
Therefore, in our photochemical experiments, we have concentrated on the three 
(Me3[9]aneN3)MoX3 complexes.
Reversible one-electron photooxidation. Wieghardt and co-workers showed 
that (Me3[9]aneN3)MomX3 can undergo chemical and electrochemical outer-sphere 
one-electron oxidation to [(Me3[9]aneN3)MorvX3]+ and further oxidation to 
[(Me3[9]aneN3)MovOX2]+ and [(Me3[9]aneN3)MoVI0 2X]+.2:8 We wished to 
combine these redox reactions of the Me3[9]aneN3 complexes with their photoactivity 
in order to cany out one- and two-electron photoredox reactions.
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Figure 2.6. Near-infrared phosphorescence spectra for MoCl3(py)3 in the solid state
at room temperature (top) and at 77 K (bottom).
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The phosphorescences of the (Me3[9]aneN3)MoraX3 complexes are quenched 
by strong electron acceptors such as tetracyanoethylene, chloranil and 
benzylviologen. We attribute this quenching to reversible photochemical electron 
transfer from Mom to the electron acceptors. Relatively strong acceptors are 
required for efficient quenching because the complexes are difficult to oxidize: Em  = 
0.39 V, 0.50 V and 0.53 V for (Me3[9]aneN3)MoraX3 (X = Cl, Br, I respectively, vs. 
Fc/Fc+ in CH3CN).2:8 Rate constants derived from Stem-Volmer analysis of the 
quenching data are collected in Table 2.3.
2,3-Dichloro-5,6-dicyano-l,4-benzoquinone (DDQ), another powerful 
acceptor, could not be used in these experiments because it formed strongly 
absorbing donor-acceptor charge transfer complexes with (Me3[9]aneN3)MoX3.
Also, the phosphorescence of (Me3[9]aneN3)MoIIII3 was not quenched measurably by 
benzylviologen. Given the maximum available concentration of benzylviologen, ca. 
0.05 M, the rate constant for quenching in this case must be less than ca. 1 x 107 
M"1 s_1.
Flash Photolysis Studies of (IV^I^laneNjlMo11̂ .  The quenching 
experiments performed on (Me3[9]aneN3)MoraX3 indicate that the phosphorescences 
of the Mora complexes are reversibly quenched by electron transfer. We attempted to 
confirm this by performing flash photolysis experiments. In these experiments an 
electron acceptor (A) is used whose one-electron reduced radical (A- ) has a high 
extinction coefficient at a known wavelength in the visible region. The forward 
reaction occurs by photochemical electron transfer from the metal complex to A
31
Table 2.3. Quenching Rate Constants/M 1 s 1 from Phosphorescence Quenching of 
Mom Complexes
Electron acceptor
Complex TCNE chloranil b v 2+ PP2+
(Me3[9]aneN3)MoCl3 5.2 x 109 4.0 x 109 8.4 x 108 2.3 x 109
(Me3[9]aneN3)MoBr3 4.6 x 109 3.8 x 109 2.4 x 108 -
(Me3 [9] aneN3 )MoI3 5.3 x 109 3.8 x 109 < 1 x 107 a -
aQuenching not observed. Value given is estimated upper limit; see text for 
discussion.
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(reaction 2.1). This is usually followed by back electron transfer (reaction 2.2), which 
can be monitored by following the decay of the absorption due to A- .
LMomX3 + A [LMorvX3]+ + A" (2 .1)
A" + [LMoivX3]+ > A + LMomX3 (2.2)
Flash photolysis experiments performed on (Me3[9]aneN3)MomX3 with the 
neutral electron acceptors tetracyanoethylene (TCNE) and chloranil did not lead to 
transient absorptions characteristic of the radical anions. This may be because the 
back electron transfer (reaction 2.2), which involves oppositely charged reactants, is 
extremely fast. (This is similar to previous photoredox experiments with 
Ru(bpy)32+:2:31 although the phosphorescence of Ru(bpy)32+ is quenched by 
neutral nitroaromatic electron acceptors, electron-transfer products are not observed, 
probably because of rapid back reaction within Ru(bpy)33+—A" ion pairs).
include viologens such as benzylviologen (l,r-dibenzyl-4,4'-bipyridinium ion, or 
BV2+; see structure above) and N,N'-trimethylene-l,10-phenanthrolinium cation 
(pp2+. ggg structure above), whose reduced radicals are still positively charged. The
In order to circumvent this problem, we decided to
study electron acceptors which have positive charges. These
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half-wave potentials for one-electron reduction reduction of BV2+ and PP2* are -0.76 
and -0.69 V in CH3CN vs. Fc+/Fc. Thus, given the estimated Mora excited-state 
redox potentials in Table 2.2, both BV2+ and PP2+ should be able to react 
photochemically with Mom.
BV2+ quenches the luminescence of (Me3[9]aneN3)MoCl3 and 
(Me3[9]aneN3)MoBr3, but we did not detect its one-electron reduced radical (BV+) in 
flash photolysis. PP2+ was then tried because it is easier to reduce than BV2+. We 
expected PP2+ to quench the luminescence of LMomX3 reversibly:
LMomX,* + PP2+ [LMoIVX3]+ + PP+ (2.3)
PP+ + [LMoivX3]+ —±4  PP2+ + LMoraX3 (2.4)
The rate of back electron transfer with PP2+ as acceptor (reaction 2.4) should be 
slower than that with a neutral acceptor A (reaction 2.2) due to repulsion between the 
two positively charged species. (For example, although back electron transfer 
between Rum(bpy)33+ and ArN02“ is too fast to measure,2131 the reaction is slower 
with MV+, kb = 8.1 x 109 M-1 s-1.2:32) Therefore, it should be possible to 
observe the reduced acceptor (PP+) (XmaJt = 570 nm; e = 3300 in H20 )2 33 and 
measure the rate of back electron transfer.
The excited states of (Me3[9]aneN3)MoX3 (see Table 2.2) are 
thermodynamically capable of reducing PP2+. Also, as expected, Stem-Volmer 
experiments show that luminescence of (Me3[9]aneN3)MoCl3 is quenched reversibly 
by PP2+. However, when the flash photolysis experiments were performed, the 
reduced acceptor species (PP+) was not detected.
Irreversible photooxidation. We also studied the permanent photooxidation 
of (Me3[9]aneN3)MoX3 by tetranitromethane (C(N02)4) and carbon tetrachloride 
(CC14). These are known to function as irreversible electron acceptors:2:34,2:3S
Irradiation (A, > 420 nm) of (Me3[9]aneN3)MomBr3 in the presence of 
C(N02)4 in CH3CN causes a color change from yellow to red within a few minutes. 
Figure 2.7 shows increases in the absorbances due to C(N02)3_ (350 nm) and 
[(Me3[9]aneN3)MoIVBr3]+ (490 nm) during photolysis. For 532-nm irradiation 
(Nd:YAG; 360 mJ; 2 mM Mom; 3 mM C(N02)4), the quantum yield for formation 
of [Me3[9]aneN3MoIVBr3]+ is estimated to be 6%. (Me3[9]aneN3)MoraBr3 is also 
photooxidized by C(N02)4 in a 1:1 (v/v) CH3CN-H20  solution. In this case, the 
oxidized product obtained was [(Me3[9]aneN3)MovOBr2]+, as judged by its IR and
C(N02)4 + e ~  > C(N02)3” + N 02 (2.5)
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Figure 2.7. Electronic absorption spectral changes accompanying the photolysis at 
room temperature of (Me3[9]aneN3)MoBr3 and C(N02)4 in CH3CN.
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electronic absorption spectra.218 No reaction was observed in the dark for either of 
these mixtures.
(Me3[9]aneN3)MoI3 undergoes similar one- and two-electron irreversible 
photooxidation with C(N02)4. Irradiation of a solution of (Me3[9]aneN3)MoI3 and 
C(N02)4 in dry CH3CN leads to a change in color from orange to green. The band 
at 720 nm (Mora, 4A2g—»2T2g) disappears, while a more intense band grows in near 
600 nm. We assign the new 600-nm band in the green irradiated solutions to a 
LMCT transition in [(Me3[9]aneN3)MorvI3]+, because of its intensity (e at least 5000 
M_1 cm-1, based on the ratio of absorbance changes at 600 and 720 nm) and its 
lower energy relative to the first LMCT band in [(Me3[9]aneN3)MorvBr3]+. When 
the photooxidation is carried out in a CH3CN-H20  mixture,
[(Me3[9]aneN3)MovOI2]+ is formed. Compared to the experiments with 
(Me3[9]aneN3)MomBr3 described above, photooxidations of the iodide complex are 
less clean. Substantial quantities of other absorbing products are formed, which we 
were unable to identify.
We also attempted to use C(N02)4 as an irreversible electron acceptor for 
photooxidation of (Me3[9]aneN3)MoCl3. However, permanent reaction occurs in this 
case even in the dark, leading to new bands (a shoulder near 400 nm and a second 
band at 850 nm, in addition to the expected peak at 350 nm due to C(N02)3- ).
Similar changes occur in mixtures of (Me3[9]aneN3)MoCl3 and CC14 in CH3CN 
solution (although this oxidation by CC14 is accelerated by irradiation). No changes
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occurred when solutions of (Me3[9]aneN3)MoraX3 (X = Br, I) were irradiated in the 
presence of CC14.
Discussion
Electronic spectra of second-row d3 complexes. The species studied here 
are different in two ways from those of first-row 3d3 ions. First, the ligand-field 
strengths (represented by lODq) for these complexes are much larger, causing the 
spin-allowed d-d transitions to be at higher energies for the same ligand environment. 
Second, interelectronic repulsion (represented by the Racah parameter B) is 
considerably weaker than in first-row species. The energies of the lowest-lying 
doublet terms, 2Eg, 2Tlg, and all of which arise from the same strong-field 
electronic configuration (f2g3) as the ground 4A2g term, depend primarily on B 236 
Thus, they are lower in energy than with first-row d3 metals. The major difference 
between second- and third-row complexes (as seen, for example, in ReCl62' and 
(Me3[9]aneN3)WinCl3) is the significant increase in spin-orbit coupling, which leads 
to larger splittings of the excited 2Tlg and 2T2s terms.
Photophysics. Many of the absorption spectral features of the M e^janeNj 
complexes (see Table 2.2) were originally reported by Wieghardt and co- 
workers.2:8,2:9 Most of the new data in Table 2.2 deal with the lowest-energy {2Eg, 
levels. In spite of the lower C3v symmetry in the (Me3[9]aneN3)MomX3 
complexes, they still possess spectral features similar to those of Oh MoC16 . * 
Thus, we have based the assignment of the transitions in the (M e^Jane^JM o11̂
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complexes on the previous work with MoCl63-. The two spin-forbidden d-d 
transitions (4A2g->2T2g and 4A 2g—»{2Eg, "^lg}) remain almost the same in energy, as 
expected. However, the two spin-allowed d-d transitions, 4A2 r > % g “ d 
4A2g->4T lg, increase in energy in the order MoC163- < (Me3[9]aneN3)MoraI3 < 
(Me3[9]aneN3)MomBr3 < (Me3[9]aneN3)MomCl3, consistent with the high o-donor 
strength of the Me3[9]aneN3 ligand.
Flint and Paulusz’s spectroscopic study of MoCl63- showed that the T7 and r 8 
spin-orbit levels of 2T2g are separated by 255 cm-1.2:26,2:37 Spectra of 
(Me3[9]aneN3)MoCl3 and (Me3[9]aneN3)MoBr3 (Figures 2.1 and 2.2) also show 
splitting of the 4A2g—»2T2g band, with separations of ca. 260 and 210 cm-1 
respectively. This separation may reflect spin-orbit splitting of 4A2g->2T2g, because 
of the close similarity of the spectra of these complexes to that of MoC163-. In 
contrast, there is no obvious splitting of the 4A2g->2T2g band in the spectrum of 
(Me3[9]aneN3)MoI3 (Figure 3).2:38
We assign the emissions of the (Me3[9]aneN3)MoX3 complexes to 
phosphorescence from the lowest energy excited state ({2Eg, 2Tlg}—»4A2g), because 
their emission maxima are close to the lowest energy absorption (4A2g-> (2Eg, ^ r ,,))  
maxima, and because their lifetimes are relatively long. The complexes show 
complementary trends in excited-state lifetimes (increasing in the order I < Br < Cl) 
and intensities of the 4A2g-»{2Eg, 2Tlg} absorption bands (Cl < Br < I). This is 
expected, since heavier atoms ordinarily enhance spin-forbidden transition 
probabilities both in absorption and emission. The emission quantum yields are all
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well below 10-3; similar values have been observed in the isoelectronic Cr(IH) 
complexes.*39
Especially for (Me3[9]aneN3)MoCl3, we found that the emission lifetime 
decreases substantially as the complex concentration is increased beyond ca. 1 mM. 
We observed no deviation from exponential decay, even at high concentrations; 
therefore, we attribute the quenching to reaction with the ground state of the 
complex.*40
HB(Me2pz)3MoCl3“ and mer-MoCl3(py)3 phosphoresce more weakly and at 
longer wavelengths than the Me3[9]aneN3 complexes. In the case of mer-MoCl3(py)3 
the red shift may be due in part to the lower-symmetry (C2v) meridional coordination 
environment.
We could not undertake a detailed photophysical and photochemical study of 
(Me3[9]aneN3)WmCl3 because of the difficulty in purifying the complex. However, 
there are close similarities between (Me3[9]aneN3)WmCl3 and other third-row d3 
ions, as indicated by both the electronic absorption and emission spectra discussed 
above.
Reversible photooxidation. The phosphorescence quenching that we observe 
in the presence of electron acceptors A is consistent with reversible one-electron 
transfer:
(Me3[9]aneN3)MomX3* + A  > [(Me3[9]aneN3)MoIVX3]+ + A" (2.7)
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Since the lowest triplet states of the electron acceptors2141 are higher in energy 
than the phosphorescent {2Eg, 2T lg} excited states of the metal complexes, energy 
transfer quenching is very unlikely. TCNE, the most powerfully oxidizing quencher 
studied, shows the largest quenching rate constants; BV2+, the weakest oxidant, reacts 
much more slowly.
Irreversible photooxidation. We observe permanent one-electron 
photooxidation of (Me3[9]aneN3)MomBr3 and (Me3[9]aneN3)MoraI3 by C(N02)4, 
leading to the formation of [(Me3[9]aneN3)MoIVX3]+:
(Me3 [9] aneN3)MomX3* + C(N02)4 ---- >
[(Me3[9]aneN3)MoIVX3]+ + C(N02)3" + N 02 (2.8)
We also performed this photooxidation in the presence of water, in order to 
determine whether reaction 2.8 could be followed by further oxidation to Mov, either 
by disproportionation (eq 2.9) or by reaction with additional C(N02)4 (eq 2.10):
2[LMorvX3]+ + H20 -----» [LMovOX2]+ + LMomX3 + 2H+ + X" (2.9)
[LMoivX3]+ + C(N02)4 + h 2o  >
[LMovOX2]+ + C(N02)3“ + N 02 + 2H+ + X" (2.10)
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Reaction 2.9 is similar to our previous work with Mom(NCS)63-, in which one- 
electron photooxidation to MoIV(NCS)62- was followed by disproportionation to 
generate the molybdenum(V) dimer Mov20 4(NCS)64-.2:5 An analog of reaction 2.10 
is the net two-electron photooxidation of V(phen)32+ to V 02+: this proceeds via a 
vanadium(III) intermediate, which is oxidized spontaneously by a second molecule of 
electron acceptor.214
In order to study the present Me3[9]aneN3 system, we first examined the 
chemistry of [(Me3[9]aneN3)MoIVBr3]+ prepared separately. We found that this ion 
is stable in CH3CN but disproportionates in CH3CN-H20  mixtures, forming 
(Me3[9]aneN3)MomBr3 and [(Me3[9]aneN3)MovOBr2]+. These disproportionation 
products were identified by visible (sharp maximum near 690 nm for Mom, and 
broad band centered at 670 nm for Mov) and IR spectroscopy.218 This reaction is 
unaffected by addition of C(N02)4.
The photooxidation of (Me3[9]aneN3)MoinBr3 by C(N02)4 was also 
performed in 1:1 CH3CN-H20. Under these conditions, [(Me3[9]aneN3)MovOBr2]+ 
is the only Mo-containing product. Thus, (Me3[9]aneN3)MomBr3 undergoes 
photoinitiated two-electron oxidation. Our experiments described above, using Mo^, 
indicate that this most likely occurs via initial one-electron photooxidation (reaction 
2.8), followed by disproportionation of [(Me3[9]aneN3)MoIVBr3]+, as in reaction 2.9.
Reactions 2.9 and 2.10 differ only in the nature of the oxidizing agent: 
[(Me3[9]aneN3)MorvBr3]+ in eq 2.9, and C(N02)4 in eq 2.10.
(Me3[9]aneN3)MomBr3 is already known not to react spontaneously with C(N02)4;
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this suggests that the MoIV complex is the stronger of the two oxidants.2 42 
Therefore, the disproportionation route is consistent with our other chemical 
observations.
(Me3[9]aneN3)MoI3 is also photooxidized to the Mov complex 
[(Me3[9]aneN3)MoOI2]+ by C(N02)4 in the presence of water. This system was 
more difficult to study for two reasons. First, we were unable to prepare the 
proposed Mo™ intermediate, [(Me3[9]aneN3)MoIVI3]+, in stable form so that its 
reactivity with H20  and C(N02)4 could be compared. And second, the 
photooxidation of Mora to Mov is not as complete as with the bromide complex. 
However, the discussion of (Me3[9]aneN3)MomBr3 above is equally applicable here: 
[(Me3[9]aneN3)MorvI3]+ is even a slightly stronger oxidant than the corresponding 
bromomolybdenum(IV) complex, making it also unlikely that it could be oxidized 
spontaneously by C(N02)4. Thus, the two-electron photooxidation in the 
(Me3[9]aneN3)MoI3 system appears to occur by the same mechanism as that of the 
(Me3[9]aneN3)MoBr3 reaction.
Summary
The three (Me3[9]aneN3)MomX3 complexes (X = Cl, Br, I) phosphoresce in 
solution at room temperature, and their excited states are oxidized reversibly by 
several one-electron acceptors. Permanent one-electron photooxidation of 
(Me3[9]aneN3)MomBr3 and (Me3[9]aneN3)MoIIII3 occurs in the presence of C(N02)4. 
Overall two-electron photooxidation of the same two complexes occurs via
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disproportionation of Mo™ intermediates in the presence of water. 
[HB(Me2pz)3MomCl3]- , MoCl3(py)3 and (Me3[9]aneN3)WmCl3 also phosphoresce at 
room temperature. The properties of the Me3[9]aneN3 species in particular suggest 
that a variety of stable cP complexes are accessible for multielectron photoredox 
experiments, and that many of them are likely to undergo facile photoinitiated two- 
electron oxidation. We are now studying the chemistry and photochemistry of the 
higher oxidation states in these and related Mo systems, including the reactivity of 
the photogenerated oxo complexes with oxidizable substrate molecules.
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CHAPTER 3
SOLUTION FLUORESCENCE AND PHOTOREDOX REACTIONS 




We have been studying the photophysical and photochemical properties of 
Mora and ReIV complexes.311,3:2,3:3'3:4 Our aim has been to combine 
photoactive metal complexes with several adjacent stable oxidation states at a single 
metal center, in order to carry out multielectron photoredox reactions. During the 
course of this study, we also examined the d1 Mov oxo complexes, MovOX4L" (X = 
Cl, Br; L = H20, CH3CN), as well as several other oxo-dx (Mov and Wv) 
complexes. We now report that these oxo-d} complexes fluoresce in soludon at 
room temperature, and that their excited states are sufficiently long-lived for 
bimolecular redox reactions. This is also one of the few reports of luminescence of 
any kind from a transition-metal complex with aqua ligands.
Experimental Section
Syntheses of Complexes. Bu4N[MoOCl4(H20)] and Bu4N[MoOBr4(H20)]
i ] , C  < i . /
can be prepared by the methods described by Bino and Cotton. ’ We also 
isolated the same complexes by refluxing Q
Et4N[HB(Me2pz)3Mo(CO)3] (Me2pzH = 3,5- 
dimethylpyrazole; prepared by following the procedure of 
Trofimenko3:7) in 12 M HC1 and 9 M HBr respectively,
for about 24 hours. HB(Me2pz)3MovOCl2 was also HBCMe^z) MovOCl




[(Me3[9]aneN3)WvOCl2]PF6 were prepared by following 
the procedures of Wieghardt and coworkers.3:8,3:9
O +
Instruments and Procedures. Cyclic [(Me3[9]aneN3)MoOBr2]+
voltammograms, electronic absorption spectra,
luminescence spectra, transient absorption spectra and lifetime measurements were 
made using instruments and procedures described in chapter 2. Emission spectra 
were recorded using a Hamamatsu R406 photomultiplier tube '(S-l type; sensitivity 
500-1200 nm).
For extremely weak near-IR emissions, high sensitivity, low resolution 
emission spectra were recorded using a detector configuration that has been 
previously reported.313 In this' configuration, it was not possible to correct the spectra 
for detector response.
Emission quantum yields in deoxygenated CH3CN at 25 °C were determined 
by comparison with [Run(bpy)3]2+ (bpy = 2,2'-bipyridine) in water.3110 
Corrections were made for differences in refractive index, reabsorption of emitted 
light and detector response.3:11,3:12
Results and Discussion
There are two types of transitions observed in the absorption spectra of 
MoO3* complexes: d-d transitions, and ligand-to-metal (7tO—»Mo and jrX—>Mo)
charge transfer transitions. The spectrum of 
MovOC14(CH3CN)-  (Figure 3.1; Table 3.1) illustrates these 
transitions. The ground state is 2B2, (xy)1; see diagram at 
right. The absorption spectrum of MovOC14(CH3CN)- 
shows two weak bands near 750 (e 25 M-1 cm-1) and 450 
nm (e 19 M-1 cm-1). The longer wavelength band has been 
assigned to the spin-allowed 2B2(xy)-»2E(xz,yz) transition, 
while the higher energy band has been assigned to the 2B2(xy)—>2B,(x2-y 2) spin- 
allowed transition. The third spin-allowed d-d transition (2B2(xy)—»2A(z2)) is 
probably buried under the charge transfer transitions below 400 nm.
The absorption spectrum of MovOBr4(CH3CN)- (Figure 3.2) is similar to that 
of MovOC14(CH3CN)- . The lowest energy band is still in the same position as that 
of MovOCl4(CH3CN)- , but the second spin-allowed transition is not visible in the 
spectrum. It is probably buried under the first 7rBr—>Mo charge transfer transition 
which has a maximum near 480 nm. This charge transfer transition is lower in 
energy than the first LMCT transition in MovOC14(CH3CN)“, which is expected, 
because of the more reducing nature of the Br- ligand.
In spite of the interest in assigning the electronic absorption spectra of o\o-dl 
complexes,3:13,3:14'3:15,3:16’3:17 little work has been done on properties of 
their excited states. Winkler had reported observing luminescence from crystals of 
MovOC14-  and MovOBr4-  at room temperature.3117
50
-------------  aj (z2)
/ 2 2 .---------------- bj(x -y )
■ e (xz.yz)
----------------b2 (xy)
d orbital energy 








Q  H i  I - 1 I I I i ' T V - I  1 I I 1 I 1 1 1 I 1 1  L^L \ j f \  I  ̂ I t I I I I I I I I I I I I I I~
200 300 400 500 600 700 800 900 1000 1100 1200
A/nm
Figure 3.1. Electronic absorption (--------- ) and corrected fluorescence (■■■) spectra
for MovOC14(CH3CN)_ in CH3CN at room temperature.





Fluorescence E^EVcm'1 F̂luorescence t/nsb
MoOC14(CH3CN)“ c h 3c n 750 950 10500 4 x  10^ 100
MoOC14(H20)- c h 2ci2 720 950 12200 9 x lO"5 60
MoOBr4(CH3CN)“ c h 3cn 750 900 12200 1 x 10"4 40
MoOBr4(H20)“ c h 2ci2 720 900 12500 3 x 10"5 30
[(Me3[9]aneN3)MoOBr2]+ c h 3c n 700 1100 11700 - < 10
[(Me3[9]aneN3)MoOI2]+ c h 3c n 660 1100 12100 - -
HB (Me2pz)3MoOCl2 c h 2ci2 710 1100 11600 - -
[(Me3[9]aneN3)WOCl2]+ c h 3cn 650 950 12900 - -
MoOCl4“ crystal 650 890 13300 - 160°
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Figure 3.2. Electronic absorption (---------) and corrected fluorescence (■■■) spectra
for MovOBr4(CH3CN)“ in CH3CN at room temperature.
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We find that solutions of MovOX4(CH3CN)-  (X = Cl- , Br- ) in acetonitrile 
fluoresce in the near-IR region at room temperature, with peaks in the 900-950 nm 
range (also shown in Figures 3.1 and 3.2).
In CH2C12 solutions, the H20  ligands in MovOX4(H20 )“ complexes are not 
displaced. However, when the complexes are dissolved in CH3CN, the H20  ligands 
are easily displaced by CH3CN. This is shown by a shift in the lowest energy 
absorption band (2B2—»2E) from 720 nm in the H20  complex to 750 nm in the 
CH3CN complex. Remarkably, MovOX4(H20)“ complexes in dichloromethane also 
fluoresce at room temperature in the same region as the acetonitrile complexes. This 
is one of the few examples of a complex with water as a ligand which luminesces. 
The strong O-H vibration in water has been implicated as causing fast non-radiative 
decay of the excited states in water complexes.319
Since the complexes have the d l electronic configuration, the only possible 
emission process is fluorescence; we assign it to the lowest energy spin-allowed 
transition: 2E(xz,yz) —> 2B2(xy). The lifetimes (see Table 3.1) for room temperature 
fluorescence in solution for MovOX4(L)-  (X = Cl- , Br- ; L = CH3CN, H20 ) range 
from 30 to 100 nanoseconds. Other transition-metal complexes that are known to 
fluoresce include Rh2(l,3-diisocyanopropane)42+ (x < 2 ns)3:18 and Re2Cl82- (x =
140 ns).3:19,3:20 However, as far as we know, these are the first examples of 
solution fluorescence from a mononuclear transition-metal complex.
Apart from MovOX4(L)- , we also detected luminescence from other oxo-dl 
complexes: [(Me3[9]aneN3)MoOBr2]+, [(Me3[9]aneN3)MoOI2]+, HB(Me2pz)3MoOCl2
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and [(Me3[9]aneN3)WOCl23+. We decided to study these complexes because they 
possess robust chelating ligands, which should make them more stable in solution.
We expected that their excited states would be longer-lived than those of 
MovOX4(L)“, because chelating ligands stabilize complexes toward ligand 
substitution.
The absorption and luminescence spectra of [(Me3[9]aneN3)MoOBr2]+, 
[(Me3[9]aneN3)MoOI2]+, HB(Me2pz)3MoOCl2 and [(M e^JaneN^W O Cy* are 
shown in Figures 3.3-3.6 (see also Table 3.1). The absorption spectra for the 
Me3[9]aneN3 complexes have been reported previously by Wieghardt and co- 
workers.3:8,3:9 The absorption spectrum of HB(Me2pz)3MoOCl2 has been reported 
previously by Lincoln and Loehr.3:21 All of these spectra agree closely with those 
reported in the literature. The lowest energy 2B2—»2E bands in all four complexes 
are similar to those for MovOX4(L)- , with peaks between 660 and 710 nm. The 
2B2—>2E bands in [(Me3[9]aneN3)MoOBr2]+ and [(Me3[9]aneN3)WOCl2]+ are each 
composed of two transitions with maxima at 690 and 750 nm (shoulder) and 600 and 
700 nm respectively. This splitting of the 2E excited state may be due to the low 
symmetry of the complexes (Cs, compared to C4v for MovOX4(L)_). The lowest 
energy 2B2—»2E bands in [(Me3[9]aneN3)MoOI2]+ and HB(Me2pz)3MoOCl2, on the 
other hand, do not appear to be split.
The luminescence intensity for the four complexes ([(Me3[9]aneN3)MoOBr2]+, 
[(Me3[9]aneN3)MoOl2]+, HB(Me2pz)3MoOCl2 and [(Me3[9]aneN3)WOCl2]+, see 
experimental section) with chelating ligands is weaker than for MovOX4(L)~
cm
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Figure 3.3. Electronic absorption (---------) and uncorrected fluorescence (■■■) spectra
for [(Me3[9]aneN3)MovOBr2]+ in CH3CN at room temperature.
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Figure 3.4, Electronic absorption (--------- ) and uncorrected fluorescence (■■■) spectra
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Figure 3.5. Electronic absorption (---------) and uncorrected fluorescence (■■■) spectra
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Figure 3.6. Electronic absorption (---------; 1 x 10"3 M) and uncorrected fluorescence
(■■■) spectra of [(Me3[9]aneN3)WvOCl2]+ in CH3CN at room temperature.
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complexes. The lifetime of the excited state of [(Me3[9]aneN3)MoOBr2J+ in room 
temperature solution, for example, is less than 10 ns. The fluorescences of the 
remaining three complexes ([(Me3[9]aneN3)MoOI2]+, HB(Me2pz)3MoOCl2, and 
[(Me3[9]aneN3)WOCl2]+) were too weak for lifetime measurements.
We considered the possibility that these fluorescences might be due to 
impurities. However, the fluorescences of the complexes remain unchanged on 
recrystallization. Also, the counterions and uncomplexed ligands (Me3[9]aneN3 and 
KHB(Me2pz)3) do not emit.
Winkler3117 did not observe fluorescence from CH2C12 solutions of MovOX4~ 
(X = Cl, Br), which have the sixth axial position unoccupied. Since we found that 
MovOX4(L)_ (L = CH3CN, H20; X = Cl, Br) complexes, with the sixth position 
occupied, were luminescent, we decided to check the luminescence of MovOC14~ in 
CH2C12. This complex was also found to be luminescent in solution, but its 
luminescence is much weaker than those for the H20  and CH3CN complexes. We 
have thus concentrated on studying the photochemical reactions of MovOX4(L)~ 
complexes because of their intense fluorescence and long lived excited states.
There are only few examples of luminescent complexes similar to these Mov 
complexes. Fluorescence from doped crystals containing the dx ion, Ti3+, has been 
reported.3:22 However, they are luminescent only in the solid state.
Luminescence from transition-metal complexes with aqua ligands is also very rare. 
The only other examples of luminescent aqua-transition-metal complexes appear to
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be the 2,2/-bipyridine (bpy) complexes of Ir(III),3:23 such as [Ir(bpy-N,A02(bpy- 
A0(H2O)]3+.
Transient absorption spectra. Spectra recorded for the MovOX4(L)“ 
complexes under 355 nm irradiation (Nd:YAG, 10 ns) show broad absorption bands 
in the 370 to 420 nm region (X = Cl) and 450 to 600 nm region (X = Br). The 
absorptions (see Figure 3.7) decay exponentially with lifetimes similar to those 
obtained from fluorescence decay under comparable conditions. The transient 
absorption signals and fluorescences are associated with the same excited state.
Reversible one-electron photooxidation. The fluorescence of 
MovOX4(CH3CN)- is quenched by one-electron acceptors such as TCNE and 
chloranil. Quenching rate constants (Aq) derived from Stern-Volmer analysis of the 
quenching data are collected in Table 3.2. Conventional flash photolysis of solutions 
of MovOX4(CH3CN)- in the presence of tetracyanoethylene (TCNE) or chloranil in 
CH3CN 3:24 leads to transient-absorption signals attributable to TCNE- (^max ^68 
nm3:25) or Chi-  (450 nm3:2fi) radicals. (The kinetics of decay of the radical- 
anion signals can be used to determine back-electron transfer rate constants kb; for 
example, kb for MoOC14(CH3CN)-  and chloranil is 3.4 x 109 M-1 s-1.) Most of the 
quenching and back-electron transfer reactions are essentially diffusion-controlled.
These complexes are also capable of accepting electrons (see electrochemical 
data in Table 3.2). Thus, preliminary experiments were done in order to study 
reversible photoreduction of MovOX4(CH3CN)- using /V,/V,A,',Ar'-tetramethyl-1,4- 
phenylenediamine (TMPD) as a reductive quencher. These experiments were
W avelength ,  nm
Figure 3.7. Transient absorption spectra of MovOBr4L" (top) and MovOC14L‘ 
(bottom) (L = CH3CN (o o o ); H20  (a a a )).
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Table 3.2. Quenching Rate Constants/M*1 s '1 from Fluorescence Quenching of Mov 
Oxo Complexes
V Electron acceptor
Complex MoVI/v Mov/rv TCNE chloranil
MoOC14(CH3CN)- 0.55 -0.85 3.2 x 109 2.1 x 108
MoOBr4(CH3CN)' 0.60 -0.85 1.1 x 109 < 1 x 108 b
aHalf-wave potentials/V vs. Fc/Fc+ in CH3CN. bQuenching too slow to measure.
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unsuccessful: because solutions of MovOX4(CH3CN)“ turned dark orange on addition 
of TMPD, suggesting the formation of a donor-acceptor charge-transfer complex.
Summary
We have shown that MovOX4L“ (X = Cl, Br; L = H20 , CH3CN) complexes 
and a number of other oxo-dx Mov and Wv complexes fluoresce in solution at room 
temperature. The MovOX4L- complexes possess long-lived excited states suitable 
for bimolecular redox reactions. We have observed luminescence from complexes 
with an aqua ligand. MovOX4(CH3CN)“ undergo reversible photooxidations with 
one-electron acceptors. We also observed fluorescence, with lower intensity, from a 
variety of other oxo-dx complexes. These results suggest that many oxo-dl 
complexes could be used as photosensitizers in redox reactions.
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CHAPTER 4





Recently we started studying the photophysics and photoredox properties of 
Mo(V) oxo complexes.*1 These complexes, which have a dl electronic 
configuration, show unusually long-lived excited states (40-100 ns) in solution at 
room-temperature. In the course of our studies of the photoredox properties of 
MoOBr4(CH3CN)\ we have isolated yellow crystals of 
(BV)[MoOBr4(H20)]Br-CH3CN^ (1). In this salt, an electron donor 
(MovOBr4(H20)“) and an electron acceptor (BV2+) have crystallized together. We 
report herein the crystal structure of 1 and the luminescence of MovOBr4(H20)~ in 1 
in the solid state. The luminescence of 1 is surprising because BV2+ should be 
thermodynamically able to quench the MovOBr4(HzO)“ excited state.
Experimental Section
Starting Materials. Benzylviologen dichloride (Sigma Chemical Co.) was 
converted to the tetrafluoroborate salt (BV(BF4)2) by metathesis with NaBF4 in 
methanol,4:2 and it was purified by recrystallization from aqueous ethanol. Other 
materials were reagent grade and were used as received.
Synthesis and crystal growth. Bu4N[MoOBr4(H20)] can be prepared by the 
method described by Bino and Cotton413. However, we isolated the same complex 
by refluxing Et4N[HB(Me2pz)3Mo(CO)3] (prepared by following the procedure of 
Trofimenko*4) in 9 M HBr for about 24 hours. After cooling the solution to
^Abbreviation: BY = benzylviologen (l,r-dibenzyI-4,4'-bipyridinium ion)
69
room-temperature, an excess of Bu4NBr in 9 M HBr was then added to the solution, 
which led to the immediate precipitation of Bu4N[MovOBr4(H20)] as dark orange- 
yellow crystals. Yellow, X-ray quality, crystals of 1 were formed in acetonitrile 
solutions containing Bu4N[MoOBr4(CH3CN)] (ca. 0.05 M) and BV(BF4)2 (ca. 0.005 
M) in CH3CN after being left for about 48-72 hours at room temperature.
Spectroscopic measurements. Infrared spectra were recorded in compressed 
KBr pellets on a Perkin-Elmer 1760 X FT-IR spectrometer. Solid-state luminescence 
measurements were made on a Spex Industries Fluorolog 2 Model F112X 
spectrometer and were corrected for the variation of detector sensitivity with 
wavelength. Solid-state electronic absorption spectra were recorded on an Aviv 
14DS spectrophotometer. Samples for the electronic absorption spectra were KBr 
pellets (ca. 1 mg of complex with ca. 0.15 g KBr; pure KBr as reference).
X-ray data collection, structure determination and refinement. A 
parallelepiped of (BV)[MovOBr4(H20)]Br CH3CN (0.40 x 0.42 x 0.52 mm) was 
mounted (in the mother liquor from crystallization), in a glass capillary in a random 
orientation, on an Enraf-Nonius CAD4 computer controlled K-axis diffractometer.
Mo K a radiation was employed with a graphite crystal monochromator in the 
incident beam. Cell constants were obtained from least-squares refinement using the 
setting angles of 25 reflections in the range 3° < 0 < 12°.
Crystallographic computations were performed on a Micro VAX II computer 
using the SDP/VAX crystal structure determination package.4 5 The structure was 
solved by direct methods (MULTAN82)4:6 and refined by full-matrix least squares.
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Positions of the Mo atoms were deduced from the initial E map. Remaining non­
hydrogen atoms were located in successive difference Fourier maps, including those 
of the CH3CN solvent of crystallization. Positions of the hydrogen atoms in the 
BV2+ moieties were calculated. These hydrogen atoms were included in structure 
factor calculations but their positions and isotropic temperature factors were not 
refined; no other H atoms were included. The structure was refined by full-matrix 
least squares where the function minimized was £w(IF0l -  IFJ)2 and the weighting 
function was [clFI2 + 0.04IFI2]"1. Scattering factors were included in calculation of 
Fc.4:7 Anomalous dispersion effects were also included in Fc.4:8 Figure 4.1 was 
prepared using ORTEP-II.49 A summary of data collection and refinement 
parameters is listed in Table 4.1. Final atomic coordinates for non-hydrogen atoms 
are listed in Table 4.2. Interatomic bond distances and angles are collected in Tables 
4.3 and 4.4 respectively. Calculated atomic coordinates are collected in Table 4.5, 
while anisotropic displacement parameters are in Table 4.6.
Results and discussion
Preparation, crystallization and fluorescence of 
(BV)[MoOBr4(H20)]Br-CH3CN. MoOBr4(CH3CN)“ and a number of other Mov 
oxo complexes are fluorescent in room temperature solutions with long lived excited 
states.4:1 We have been studying the fluorescence quenching of MoOBr4(CH3CN)- 
{EiA (Movi/v*) = -0.92 V vs Fc+/Fc in CH3CN) by electron acceptors in solution at 
















Figure 4.1. ORTEP diagram of (BV)[MovOBr4(H20)]Br CH3CN. Molecule "a” is 
shown; the geometry of molecule "b" is similar.
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Table 4.1. Data Collection and Refinement Parameters for 
(BV)[MovOBr4(H20)]BrCH 3CNa
formula -̂•26 2̂7®r5 ^ 0^3^2 cryst dim/mm 0.40 x 0.42 x 0.52
fw 909.01 transm coeff 0.752-0.999
color yellow 0 range/0 1-22.5
habit parallelepiped scan type (0-20
a/A 11.349(1) octs colled h ±k ±1
b/A 16.1048(8) refls measd 8232
c/A 18.720(1) refls obsdb 4135
oJ° 71.961(5) parameters 668
p/° 76.375(7) decay, std rf -5.7%  (increase)
y/° 82.484(6) R(F0)C 0.048
V/A3 3155.4(5) R„(F0)d 0.046
z 4 GOF° 1.708
space group PI max shift/esd 0.24
temp/°C 28±1 max resid 0.73 e A"3
px/g cm-3 1.913 min resid - 0 .2 2  e A" 3
XJk 0.71073 (Mo Kot) extinctionf 6.6(4) x 10"8
(i/cm-1 67.1
aIn Tables 4.1-4.4, estimated standard deviations in the least significant digits of the 
values are given in parentheses. bI > 3a(I). CR = 2I1FJ -  IFCII/ZIF0 I. eRw = 
V(Zw(IF0l -  IFcI)2/£wF02); w = 4FQ2/(a2(I) + (0.02Fo2)2). fGOF =
V[Xw(JF0t -  IFcI)2/(No6, -  Npram)]. ^Coefficient g in correction factor (1 + glc) 1 
applied to Fc.
Table 4.2. Atomic Coordinates for (BV)[MovOBr4(H20)]Br-CH3CN
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X y z t y A2‘
Mola 0 .2 2 2 0 (1) 0.21063(8) -0.00608(7) 0.0367(4)
Brla 0.1638(2) 0.1462(1) 0.13740(8) 0.0605(6)
Br2a 0.0371(2) 0.3165(1) -0.00263(9) 0.0601(6)
Br3a 0.2479(2) 0.2459(1) -0.15051(9) 0.0598(6)
Br4a 0.3798(2) 0.0822(1) -0.00779(9) 0.0678(6)
Ola 0.3188(8) 0.2770(6) -0.0071(6) 0.060(4)
0 2 a 0.0914(8) 0.1143(5) -0.0032(5) 0.049(3)
Br5a 0.0068(2) 0.93791(9) 0.12737(9) 0.0600(6)
Nla 0.4813(9) 0.8920(6) 0.2281(5) 0.035(4)
N2a 0.031(1) 0.5961(6) 0.3167(6) 0.041(4)
Cla 0.471(1) 0.8251(8) 0.2907(7) 0.047(5)
C2a 0.382(1) 0.7689(8) 0.3128(7) 0.047(5)
C3a 0.295(1) 0.7793(7) 0.2687(7) 0.031(4)
C4a 0.305(1) 0.8520(8) 0.2045(7) 0.041(5)
C5a 0.397(1) 0.9050(8) 0.1865(7) 0.042(5)
C6 a 0.134(1) 0.5734(8) 0.3444(7) 0.041(5)
C7a 0.217(1) 0.6316(8) 0.3313(7) 0.039(5)
C8 a 0 .2 0 2 (1) 0.7185(8) 0.2859(6) 0.033(4)
X y z u eq/A2a
C9a 0.098(1) 0.7372(8) 0.2591(7) 0.044(5)
ClOa 0.013(1) 0.6783(8) 0.2727(7) 0.040(5)
Cl la 0.580(1) 0.9542(9) 0.2061(8) 0.056(6)
C12a 0.542(1) 1.0293(8) 0.2363(7) 0.042(5)
C13a 0.482(1) 1.103(1) 0.196(1) 0.086(7)
C14a 0.443(2) 1.171(1) 0.226(1) 0.15(1)
C15a 0.468(2) 1.168(1) 0.296(1) 0.174(9)
C16a 0.523(2) 1.097(1) 0.335(1) 0.127(8)
C17a 0.560(1) 1.0282(9) 0.3043(8) 0.067(6)
C18a -0.060(1) 0.5289(9) 0.3318(8) 0.053(6)
C19a -0.019(1) 0.4741(8) 0.2798(7) 0.044(5)
C2 0 a 0.057(1) 0.3986(9) 0.2985(8) 0.056(6)
C21a 0.097(2) 0.3492(9) 0.2494(9) 0.074(7)
C22a 0.059(2) 0.3719(9) 0.1793(8) 0.076(6)
C23a -0.017(1) 0.444(1) 0.1621(8) 0.076(6)
C24a -0.052(1) 0.4939(9) 0.2118(8) 0.063(6)
Molb 0.2919(1) 0.27310(8) 0.49933(7) 0.0397(4)
Brlb 0.1041(1) 0.3766(1) 0.51056(8) 0.0507(6)
Br2 b 0.2296(2) 0.2043(1) 0.64315(9) 0.0671(7)
Br3b 0.4990(2) 0.1959(1) 0.50492(9) 0.0601(6)
X y z u« /A 2 *
Br4b 0.3698(2) 0.3701(1) 0.36526(9) 0.0635(6)
Olb 0.2344(8) 0.2032(6) 0.4722(5) 0.059(4)
0 2 b 0.3798(8) 0.3745(5) 0.5318(5) 0.050(3)
Br5b 0.3267(2) 0.58520(9) 0.50524(9) 0.0530(6)
Nib 0.248(1) 0.8030(7) 0.9438(6) 0.058(5)
N2b 0.128(1) 0.7813(7) 0.6003(6) 0.046(4)
Clb 0.294(1) 0.7349(9) 0.9161(7) 0.062(6)
C2b 0.279(1) 0.7333(8) 0.8478(8) 0.057(6)
C3b 0.214(1) 0.7982(8) 0.8034(7) 0.040(5)
C4b 0.169(1) 0.8687(9) 0.8310(7) 0.055(5)
C5b 0.184(1) 0.8703(9) 0.9019(8) 0.056(6)
C6 b 0.221(1) 0.7332(8) 0.6266(7) 0.049(5)
C7b 0.252(1) 0.7394(8) 0.6916(7) 0.047(5)
C8 b 0.187(1) 0.7949(8) 0.7321(7) 0.038(5)
C9b 0.090(1) 0.8438(9) 0.7022(7) 0.059(6)
ClOb 0.063(1) 0.8367(9) 0.6376(8) 0.061(6)
C llb 0.258(2) 0.808(1) 1.0195(8) 0.079(7)
C12b 0.298(1) 0.7228(8) 1.0716(7) 0.043(5)
C13b 0.219(1) 0.657(1) 1.1053(7) 0.059(5)
C14b 0.260(2) 0.576(1) 1.1525(8) 0.072(6)
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x y z Ueq/A2 a
C15b 0.373(1) 0.568(1) 1.1660(8) 0.073(7)
C16b 0.446(1) 0.634(1) 1.1333(9) 0.069(6)
C17b 0.409(1) 0.7118(9) 1.0876(8) 0.060(6)
Cl 8 b 0 . 1 0 0 (1) 0.7719(9) 0.5304(8) 0.056(6)
C19b 0.124(1) 0.8533(8) 0.4634(7) 0.048(5)
C20b 0.206(1) 0.912(1) 0.4560(9) 0.065(6)
C21b 0.233(2) 0.981(1) 0.390(1) 0.087(8)
C22b 0.171(2) 0.990(1) 0.3328(9) 0.088(7)
C23b 0.087(2) 0.934(1) 0.3394(9) 0.085(7)
C24b 0.063(2) 0.867(1) 0.4046(9) 0.072(7)
Nlsb 0.344(1) 0.5381(9) 0.7805(8) 0.093(6)
Clsb 0.379(1) 0.495(1) 0.736(1) 0.093(7)
C2sb 0.420(2) 0.442(1) 0.6884(8) 0.079(7)
Nlsa 0.453(1) 0.3918(8) 0.0787(9) 0.112(7)
Clsa 0.380(2) 0.4298(9) 0.0419(9) 0.095(8)
C2sa 0.294(2) 0.476(1) -0.0065(9) 0.089(7)
at/eq = ll$(a2a*2Ull + b2b*zU22 + c2c*2 f/ 33 + 2aba*b*Un cos y + 2aca*c*Ul$cos (3 + 
2bcb*c*U22cos a).
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Table 4.3. Interatomic Distances/A for (BV)[MovOBr4(H20)]BrCH3CNa
a b a b
Mol-Brl 2.519(2) 2.538(2) C9-C10 1.36(2) 1.35(2)
Mol-Br2 2.526(2) 2.537(2) C11-C12 1.46(2) 1.51(2)
Mol-Br3 2.537(2) 2.521(2) C12-C13 1.38(2) 1.38(2)
Mol-Br4 2.556(2) 2.531(2) C12-C17 1.33(2) 1.34(2)
Mol-Ol 1.62(1) 1.629(9) C13-C14 1.37(3) 1.41(2)
Mo 1-02 2.263(9) 2.314(9) C14-C15 1.39(5) 1.35(2)
N l-C l 1.32(2) 1.35(2) C15-C16 1.31(5) 1.34(2)
N1-C5 1.33(2) 1.36(2) C16-C17 1.38(3) 1.35(2)
N l-C l 1 1.50(2) 1.48(2) C18-C19 1.47(2) 1.51(2)
N2-C6 1.36(2) 1.32(2) C19-C20 1.39(2) 1.37(2)
N2-C10 1.34(2) 1.34(2) C19-C24 1.34(2) 1.38(2)
N2-C18 1.51(2) 1.47(2) C20-C21 1.36(2) 1.39(2)
C1-C2 1.35(2) 1.34(2) C21-C22 1.41(2) 1.37(3)
C2-C3 1.39(2) 1.37(2) C22-C23 1.35(2) 1.35(3)
C3-C4 1.39(2) 1.38(2) C23-C24 1.37(2) 1.36(2)
C3-C8 1.44(2) 1.46(2) Nls-Cls 1.19(3) 1.20(3)
C4-C5 1.35(2) 1.39(2) Cls-C2s 1.46(3) 1.39(3)
C6-C7 1.34(2) 1.38(2) 02  -Br5 3.205(9) 3.269(8)
C7-C8 1.41(2) 1.38(2) 0 2 -B r5 ' 3.166(9) 3.35(1)
C8-C9 1.36(2) 1.39(2)
aIn Tables 4.3 and 4.4, "a" and "b" denote the two independent molecules.
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Table 4.4. Bond Angles/0 for (BV)[MovOBr4(H20)]Br-CH3CN
a b a b
Brl-Mol-Br2 90.12(8) 87.23(7) C1-C2-C3 1 2 0 ( 1) 123(1)
Brl-Mol-Br3 165.49(9) 164.48(9) C2-C3-C4 115(1) 116(1)
Brl-Mol-Br4 87.85(7) 89.47(7) C2-C3-C8 123(1) 124(2)
Brl-Mol-Ol 97.5(4) 97.4(4) C4-C3-C8 1 2 2 (1) 119(1)
Brl-M ol-02 81.8(2) 83.7(2) C3-C4-C5 1 2 1 ( 1) 1 2 1 ( 1)
Br2-Mol-Br3 89.89(7) 88.44(7) N1-C5-C4 123(1) 1 2 0 (1)
Br2-Mol-Br4 168.83(9) 166.43(9) N2-C6-C7 1 2 2 ( 1) 1 2 1 ( 1)
Br2-Mol-01 96.9(3) 97.7(4) C6-C7-C8 1 2 1 ( 1) 1 2 2 ( 1)
Br2-Mol-02 84.9(3) 85.0(3) C3-C8-C7 1 2 1 ( 1) 1 2 2 ( 1)
Br3-Mol-Br4 89.34(7) 91.26(8) C3-C8-C9 125(1) 123(1)
Br3-Mol-01 96.9(4) 97.9(4) C7-C8-C9 114(1) 115(1)
Br3-Mol-02 83.7(2) 81.1(2) C8-C9-C10 125(1) 1 2 1 (2 )
Br4-Mol-01 94.2(3) 95.8(4) N2-C10-C9 119(1) 1 2 1 (2 )
Br4-Mol-02 84.0(3) 81.5(3) Nl-Cl 1-C12 1 1 2 (1) 114(1)
Ol-Mo 1-02 178.1(4) 177.1(5) C11-C12-C13 1 2 1 (2 ) 1 2 0 (2 )
C1-N1-C5 117(1) 119(1) Cl 1-C12-C17 1 2 2 (2 ) 1 2 0 (2 )
C1-N1-C11 1 2 2 (1) 124(1) C13-C12-C17 118(2) 1 2 0 (2 )
C5-N1-C11 1 2 1 (1) 117(1) C12-C13-C14 1 2 1 (2 ) 119(2)
C6-N2-C10 119(1) 119(1) C13-C14-C15 119(3) 119(2)
C6-N2-C18 1 2 0 (1) 118(1) C14-C15-C16 120(3) 1 2 0 (2 )
C10-N2-C18 1 2 1 (1) 1 2 2 ( 1) C15-C16-C17 120(3) 1 2 2 (2 )
N1-C1-C2 123(1) 1 2 1 ( 1) C12-C17-C16 123(2) 1 2 0 (2 )
a b a b
N2-C18-C19 1 1 1 (1) 1 1 2 (1) C22-C23-C24 1 2 0 (2 ) 119(2)
C18-C19-C20 1 2 1 (2 ) 124(2) C19-C24-C23 124(2) 1 2 2 (2 )
C18-C19-C24 1 2 2 (2 ) 118(2) Nls-Cls-C2s 177(3) 177(2)
C20-C19-C24 116(2) 118(2) M ol—02—Br5 129.5(4) 132.7(4)
C19-C20-C21 1 2 1 (2 ) 1 2 1 (2 ) M ol—02—Br5' 135.6(4) 128.7(4)
C20-C21-C22 1 2 0 (2 ) 117(2) Br5—02—Br5' 92.3(2) 85.5(2)
C21-C22-C23 118(2) 123(2) 02—Br5—02' 87.7(2) 94.5(2)
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Table 4.5. Calculated Atomic Coordinates for (BV)[MovOBr4(H20)]Br'CH3CN
X y * " i s o / A 2 X y z U j h
Hla 0.5287 0.8159 0.3220 0.061 Hlb 0.3380 0.6875 0.9455 0.081
H2a 0.3785 0.7218 0.3587 0.061 H2b 0.3151 0.6851 0.8292 0.075
H4a 0.2470 0.8646 0.1728 0.054 H4b 0.1261 0.9165 0.8012 0.071
H5a 0.4019 0.9539 0.1419 0.054 H5b 0.1508 0.9183 0.9210 0.073
H6 a 0.1484 0.5147 0.3739 0.053 H6 b 0.2676 0.6939 0.6002 0.064
H7a 0.2874 0.6136 0.3530 0.051 H7b 0.3189 0.7043 0.7091 0.061
H9a 0.0821 0.7952 0.2287 0.057 H9b 0.0411 0.8829 0.7277 0.077
HlOa -0.0575 0.6951 0.2513 0.052 HlOb -0.0026 0.8717 0.6181 0.079
HI 11a 0.6016 0.9748 0.1516 0.073 HI 1 lb 0.3156 0.8499 1.0114 0.103
HI 12a 0.6484 0.9238 0.2257 0.073 HI 12b 0.1809 0.8276 1.0441 0.103
H13a 0.4687 1.1054 0.1473 0.112 H13b 0.1384 0.6649 1.0968 0.077
H14a 0.3982 1.2207 0.1992 0.195 H14b 0.2080 0.5292 1.1744 0.093
H15a 0.4458 1.2167 0.3159 0.226 H15b 0.4015 0.5143 1.1984 0.094
H16a 0.5373 1.0939 0.3835 0.165 H16b 0.5264 0.6272 1.1424 0.090
H17a 0.5999 0.9777 0.3330 0.088 H17b 0.4617 0.7584 1.0668 0.078
H181a-0.1360 0.5578 0.3240 0.069 H181b 0.0169 0.7604 0.5404 0.073
H182a -0.0675 0.4929 0.3833 0.069 H182b 0.1492 0.7241 0.5172 0.073
H20a 0.0804 0.3812 0.3466 0.073 H20b 0.2467 0.9046 0.4967 0.085
H21a 0.1510 0.2993 0.2624 0.096 H21b 0.2906 1.0216 0.3842 0.113
H22a 0.0852 0.3374 0.1447 0.098 H22b 0.1886 1.0366 0.2868 0.115
H23a -0.0453 0.4600 0.1155 0.098 H23b 0.0452 0.9423 0.2988 0.109
H24a -0.1032 0.5452 0.1975 0.082 H24b 0.0030 0.8282 0.4099 0.094
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Table 4.6. Anisotropic Displacement Parameters for 
(BV)[MovOBr4(H20)]Br-CH3CN
I ' l l Ul2 "33 Ul2 " l3 " 2 3
Mola 0.0353(8) 0.0403(7) 0.0354(7} -0.0015(6) -0.0091(6) -0.0128(5)
Brla 0.066(1) 0.080(1) 0.0341(8) 0 .0 0 1 (1) - 0 .0 1 0 0 (8 ) -0.0180(8)
Br2a 0.046(1) 0.067(1) 0.071(1) 0.0168(9) -0.0217(8) -0.0254(8)
Br3a 0.076(1) 0.059(1) 0.0346(9) 0 .0 0 1 (1) -0.0076(9) -0.0041(8)
Br4a 0.082(1) 0.061(1) 0.049(1) 0.0352(9) -0.0135(9) -0.0164(8)
Ola 0.032(6) 0.058(6) 0.095(7) -0.015(5) -0.011(5) -0.027(5)
0 2 a 0.063(7) 0.045(5) 0.044(5) -0.020(5) -0.015(5) -0.011(4)
Br5a 0.091(1) 0.0317(8) 0.0634(9) 0.0031(9) -0.0440(8) -0.0047(7)
Nla 0.024(7) 0.042(6) 0.042(6) -0.002(5) -0.006(5) -0.018(5)
N2a 0.036(8) 0.041(6) 0.036(6) -0.003(6) 0 .0 2 2 (6 ) -0.019(5)
C la 0.05(1) 0.043(8) 0.041(8) 0.008(8) -0.025(7) -0.002(7)
C2a 0.06(1) 0.033(7) 0.053(8) -0.022(7) -0.027(7) -0.006(6)
C3a 0.039(9) 0.029(7) 0.024(7) 0.007(7) -0.003(6) -0.011(5)
C4a 0.047(9) 0.033(7) 0.046(8) -0.000(7) -0.017(7) -0.009(6)
C5a 0.06(1) 0.035(7) 0.031(8) -0.003(8) 0.005(8) -0.016(6)
C6 a 0.025(9) 0.041(8) 0.048(9) -0.001(7) 0.003(7) -0.009(7)
C7a 0.035(9) 0.041(8) 0.046(8) -0.005(7) -0.015(7) -0.013(6)
C8 a 0.045(9) 0.039(7) 0.014(6) -0.008(7) -0.004(6) -0.007(5)
C9a 0.054(9) 0.036(8) 0.050(8) -0.002(7) -0.031(7) -0.009(6)
ClOa 0.031(9) 0.045(8) 0.053(8) 0.008(7) -0.020(7) -0.025(6)
C lla 0.04(1) 0.08(1) 0.041(9) -0.024(9) 0.003(8) -0.009(8)
C12a 0.038(9) 0.044(7) 0.054(8) -0.011(7) 0.001(7) -0.033(6)
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I'll U12 ^33 V12 "l3 " 2 3
C13a 0.06(1) 0.07(1) 0.14(1) -0.023(9) - 0 .0 2 (1) -0.035(9)
C14a 0.07(1) 0.07(1) 0.33(2) 0 .0 1 (1) -0.04(2) - 0 . 1 0 (1)
C15a 0 .1 2 (2 ) 0.100(9) 0.32(2) -0.08(1) 0.09(2) -0.164(8)
C16a 0.16(2) 0.13(1) 0 .1 1 (1) - 0 . 1 0 (1) 0.06(1) -0.095(8)
C17a 0.07(1) 0.09(1) 0.054(9) -0.042(9) 0.004(8) -0.037(7)
C18a 0.035(9) 0.07(1) 0.049(9) - 0 .0 2 0 (8) - 0 .0 0 1 (8) - 0 .0 1 1 (8 )
C19a 0.05(1) 0.056(8) 0.037(7) -0.021(7) -0.011(7) -0.023(6)
C20a 0.04(1) 0.067(9) 0.05(1) -0.016(9) 0 .0 1 1 (8 ) -0.017(8)
C21a 0.08(1) 0.064(9) 0.08(1) - 0 .0 0 (1) - 0 .0 1 (1) -0.039(8)
C22a 0.13(1) 0.052(8) 0.067(9) -0.029(9) -0.011(9) -0.040(6)
C23a 0.09(1) 0.09(1) 0.057(9) - 0 .0 0 (1) -0.051(8) - 0 .0 1 0 (8 )
C24a 0.06(1) 0.071(9) 0.08(1) -0.007(9) -0.018(8) -0.040(7)
Molb 0.0409(8) 0.0426(7) 0.0368(7) 0.0017(7) -0.0068(6) -0.0159(6)
Brlb 0.047(1) 0.0579(9) 0.0443(9) 0.0127(9) -0.0105(8) -0.0168(7)
Br2b 0.056(1) 0.087(1) 0.041(1) 0.015(1) -0.0098(9) -0.0026(9)
Br3b 0.047(1) 0.0648(9) 0.069(1) 0.0167(9) -0.0118(9) -0.0288(8)
Br4b 0.074(1) 0.061(1) 0.043(1) - 0 .0 0 1 (1) 0.0041(9) -0.0097(8)
Olb 0.052(7) 0.060(6) 0.077(6) -0.013(5) -0.023(5) -0.027(5)
0 2 b 0.071(7) 0.036(5) 0.062(5) 0.004(5) -0.035(5) -0.030(4)
Br5b 0.063(1) 0.0460(8) 0.0547(9) 0.0033(9) -0.0209(8) -0.0176(7)
Nib 0.08(1) 0.054(7) 0.033(6) 0.024(7) -0.010(7) -0.022(5)
N2b 0.047(8) 0.042(6) 0.042(7) 0.004(6) 0 .0 0 0 (6 ) -0.012(5)
Clb 0 .1 0 (1) 0.054(8) 0.039(8) 0.031(9) - 0 .0 2 2 (8 ) -0.027(6)
C2b 0.07(1) 0.049(8) 0.050(9) 0.031(8) - 0 .0 1 1 (8 ) -0.022(7)
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tfii u2 2 ^33 ^ 1 2 u23
C3b 0.036(9) 0.047(8) 0.029(8) 0.004(8) 0.000(7) -0.006(6)
C4b 0.07(1) 0.052(9) 0.037(8) 0.024(9) -0.018(8) -0.016(7)
C5b 0.05(1) 0.061(9) 0.061(9) 0 .0 0 0 (8 ) -0.015(8) -0.024(7)
C6 b 0.06(1) 0.046(8) 0.048(8) 0.023(8) -0.013(8) -0.027(6)
C7b 0.06(1) 0.040(8) 0.040(8) 0.017(8) -0.018(7) -0.016(6)
C8 b 0.030(9) 0.044(8) 0.026(8) -0.001(7) 0.004(7) 0.002(7)
C9b 0.07(1) 0.07(1) 0.035(8) 0.017(9) -0.024(7) -0.014(7)
ClOb 0.05(1) 0.07(1) 0.05(1) 0.024(9) -0.014(8) - 0 .0 0 0 (8 )
C llb 0 .1 0 (1) 0.09(1) 0.061(9) 0.03(1) -0.034(9) -0.042(8)
C12b 0.037(9) 0.060(9) 0.037(8) 0 .0 2 0 (8 ) -0.014(7) -0.023(6)
C13b 0.036(9) 0 . 1 2 (1) 0.044(8) -0.018(8) -0.012(7) -0.044(7)
C14b 0 . 1 0 (1) 0.08(1) 0.039(9) -0.047(9) -0.007(9) -0.014(7)
C15b 0.08(1) 0.09(1) 0.042(9) - 0 .0 1 (1) -0.029(8) 0.004(9)
C16b 0.05(1) 0.08(1) 0.06(1) 0 .0 1 (1) -0.005(9) -0.021(9)
C17b 0.05(1) 0.061(9) 0.06(1) -0.012(9) -0.000(9) - 0 .0 2 0 (8 )
C18b 0.06(1) 0.050(9) 0.057(9) -0.004(8) - 0 .0 2 1 (8 ) -0.004(7)
C19b 0.06(1) 0.041(8) 0.037(8) 0.006(8) -0.013(7) -0.001(7)
C20b 0.05(1) 0.07(1) 0.06(1) -0.007(9) -0.003(9) -0.004(9)
C21b 0.07(1) 0.06(1) 0 . 1 0 (1) - 0 .0 1 (1) - 0 .0 2 ( 1) 0 .0 1 (1)
C22b 0.07(1) 0 .1 2 (1) 0.04(1) 0.03(1) - 0 .0 0 (1) 0 .0 1 (1)
C23b 0.08(1) 0 .1 1 (1) 0.06(1) 0.05(1) -0.030(9) -0.039(9)
C24b 0.08(1) 0.07(1) 0.06(1) 0 .0 1 (1) -0.024(9) -0.005(9)
Nlsa 0 . 1 2 (1) 0.070(9) 0.15(1) 0.03(1) -0.05(1) -0.033(9)
Clsa 0 . 1 2 (2 ) 0.062(9) 0 . 1 2 (1) - 0 .0 1 (1) - 0 .0 0 (1) -0.063(7)
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^ 1 1 U22 f / 33 U i2 ^ 13 ^23
C2sa 0.09(1) 0.08(1) 0 .1 0 (1) 0.04(1) -0.05(1) -0.03(1)
Nlsb 0.07(1) 0.08(1) 0 .1 0 (1) 0.023(9) -0.019(9) 0.004(9)
Clsb 0.06(1) 0.08(1) 0 .1 1 (1) 0 .0 1 (1) -0.043(9) 0.04(1)
C2sb 0.08(1) 0 .1 0 (1) 0.06(1) 0 .0 0 (1) -0.005(9) -0.053(7)
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= -0.76 V vs. FcVFc in CH3CN), which should be a good oxidant for the excited 
state of MoOBr4(CH3CN)- . Thus, it was expected that the fluorescence of the 
complex should be quenched by BV2+ in room temperature solutions, by an electron 
transfer quenching mechanism. However, no quenching of the fluorescence intensity 
was observed when the experiments were performed.
In the course of these experiments, crystals of 1 were formed in CH3CN 
solutions containing MoOBr4(CH3CN)“ and BV2+; the compound contains both an 
electron acceptor (BV2+) and donor (MoOBr4(H20)“). Similar donor-acceptor salts 
often form charge-transfer complexes.4 1 0 '411 However, we find no evidence 
of such charge-transfer interaction as judged by solid-state (KBr pellet) absorption 
spectrum. Solid 1 still contains Mov and BV2+ as judged by the similarity of its 
absorption spectrum to that of MoOBr4(H20 )“ in solution. Since we had tried 
quenching experiments with BV2+ in solution without success, we decided to also 
check if luminescence of MoOBr4(H20)“ would be quenched by BV2+ in the solid 
state. However, the luminescence intensity of 1 was not quenched as expected. 
Indeed, solid 1 still fluoresces (see spectrum in Figure 4.2) with approximately the 
same intensity as solid Bu4N[MoOBr4(H20)].
Description of the structure of (BV)[MoOBr4(H20)]Br*CH3CN. The 
compound crystallizes in the triclinic space group P i (No. 2) with two formula units 
in the asymmetric unit. The crystal structure consists of two benzylviologen (BV2+) 
cations, two each of MovOBr4(H20)" complex anions and bromide anions (Br5a and 
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Figure 4.2. Solid-state luminescence spectrum of (BV)[MovOBr4(H20)]Br CH3CN
at room temperature corrected for detector response.
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formula units (BV)[MoOBr4(H20)]BrCH3CN have been labeled a and b in Tables 
4.3-4.6. Figure 4.1 shows the ORTEP drawing of one formula unit of the compound.
The crystal structure of the anion complex with other types of cations, such as 
C5NH6+, (C2H5)N+, and (C6H5)As+, have been reported previously and the results 
obtained in this work are in close agreement with those reported previously.4 5,412 
The anion complex MoOBr4(H20)" is pseudo-octahedral with four Br" ligands in the 
equatorial plane. The four Br ligands in molecules a and b are planar within 0.036 
A and 0.020 A respectively, and the Mo atoms are displaced out of that plane, 
toward the oxo group, by 0.282(1) A (molecule a) and 0,317(1) A (molecule b).
There is evidence for H-bonding between the H of the H20  ligand and the Br" 
counter ions. Each Br" is bonded to two H of two different MoOBr4(H20)" 
complexes, in a chain-like manner. The O—Br distances (see Table 4.3) are within 
the range expected for H-bonds.413
The bond lengths in the two anion complexes a and b are quite similar. The 
Mo-Br bond lengths in both complexes range from 2.519(2) A to 2.556(2) A. These 
bond lengths are close to the average value obtained by Bino and Cotton of 2.53(1)
A 4:3 The Mo=0 bond lengths in the two anion complexes, are 1.62(1) A and 
1.629(9) A, also agree closely with with the value obtained previously, which is 
1.62(2) A 4:3 Terminal Mo=0 bond lengths for monooxo Mo complexes are 
normally in the range, 1.65-1.70 A.4:14 The Mo-OH2 bond lengths in the anion 
complexes are 2.263(9) A and 2.314(9) A. Also, these bond lengths compare 
favorably with the Mo-OH2 bond length of 2.32(2) A reported by Bino and Cotton.4 3
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This weakly bound HzO ligand has been implicated as making the Mo=0 bond 
longer in complexes in which it is present compared to complexes in which the sixth 
position is unoccupied. For example, the Mo=0 bond lengths for Ph4As[MoOCl4] 
and Ph4As[MoOCl4(H20)] are 1.61(1) A 4:15 and 1.67(2) A 4:16 respectively.
We found only two reports of the structure of the benzylviologen cation.
These reports describe the crystal structure of BV(I)2 4:17 and (BV)[TCNQ]4 
(TCNQ = 7,7,8,8-tetracyanoquinodimethane).4’18 The benzylviologen cation in 
the present structure consists of a bipyridinium group and two benzyl groups, each 
oriented at approximately 110° to the plane of the bipyridinium group. The dihedral 
angles, in la, between the benzyl group and the bipyridinium group are 112(1)° and 
111(1)°; while the dihedral angles for lb  are 114(1)° and 112(1)°. The pyridine 
rings within the bipyridinium are twisted relative to each other, with dihedral angles 
of 22.7(9)° and 20(1)° for molecules a and b respectively.
Conclusions
The reaction of a benzylviologen salt (BV(BF4)2) with the Mov oxo complex 
(MovOBr4(H20 )“) at room temperature leads to the formation of 
(BV)[MovOBr4(H20)]Br CH3CN. The bond lengths and angles of the compound are 
similar to those reported separately for MovOBr4(H20 )“ and BV2+. The 
luminescence of MovOBr4(H20)~ in (BV)[MovOBr4(H20)]Br-CH3CN is not 
significantly quenched by BV2+ ions in the solid state.
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This dissertation has contributed to the understanding of the excited state 
properties and bimolecular excited state electron transfer reactions of Mora and Mov 
complexes. The work has also opened up the solution photophysics and 
photochemistry of oxo-d1 complexes for further study.
The work described in chapter 2 shows that several Mora complexes possess 
attractive photophysical and photoredox properties. Many of the complexes studied 
are phosphorescent in solution at room temperature in the near-infrared region of the 
spectrum. Also, their excited states (energy ca. 1.1 eV) are capable of transferring 
electrons to suitable electron acceptors.
The Mom triazacyclononane complexes exhibit better photophysical and 
photochemical properties than other Mom complexes that were studied. The three 
(Me3[9]aneN3)MoX3 complexes (X = Cl, Br, I) are reversibly oxidized by several 
one-electron acceptors. Both (Me3[9]aneN3)MoBr3 and (Me3[9]aneN3)MoI3 undergo 
irreversible one-electron photooxidation in the presence of C(N02)4, and overall two- 
electron photooxidation of these complexes occurs via disproportionation of MoIV 
intermediates in the presence of water. These results show that an energy-wasting 
pathway, the back-electron transfer pathway, can be blocked by a spontaneous second 
electron transfer immediately following initial one-electron transfer.
Some improvements still need to be made in the properties of the complexes 
for them to be useful in carrying out desired photoredox reactions. The energy of 
the excited state (ca. 1.1 eV) is not high enough for many of the reactions that need 
to be catalyzed. For example, the potential required for the splitting of HzO
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(reaction 1.1) is 1.23 V. Also, the (Me3[9]aneN3)MoX3 complexes are difficult to 
oxidize (Et/l (Mo1̂ ^ )  = 0.39-0.53 V vs. Fc+/Fc). The reduction potential could be 
made more negative by synthesizing new complexes based on soft ligands like 
chelating phosphines. Another disadvantage of these complexes is that they possess 
only relatively weak d-d absorption bands in the visible portion of the spectrum, and 
their low solubility limits their absorption of visible light. An approach towards 
getting over this drawback is to use ligands containing groups with low lying 
LUMOs, such as aromatic amines. This may lead to complexes that show more 
intense MLCT absorption bands in the visible region of the spectrum, and thus 
absorb light efficiently even in dilute solutions.
The molybdenum(V) oxo complexes discussed in chapters 3 and 4 also show 
desirable photophysical and photochemical properties such as long-lived excited 
states (energy ca. 1.5 eV) and ability to undergo photoredox reactions. These 
complexes are among the few examples of fluorescent dx species. Surprisingly, aqua 
complexes of Mov have also been shown to be fluorescent in room temperature 
solutions.
The MovOX4(CH3CN)“ complexes undergo bimolecular excited state electron 
transfer reactions. They are photooxidized by one-electron acceptors such as 
tetracyanoethylene and chloranil. Multielectron photooxidation reactions were not 
possible with these complexes because they can only donate one electron. Thus, they 
may not be useful in the same types of photocatalytic systems envisaged for Mora 
complexes. However, since it has been shown that $  Mora and d1 Mov complexes
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are photoactive,5:1 it may be possible to carry out stepwise three electron 
photooxidation reactions, starting with the Mom complexes.
Attempts were made to perform excited state reversible photoreduction 
experiments with the MovOX4(CH3CN)~ complexes: both the excited state energy 
and their high oxidation state should make them good electron acceptors. But the 
experiments were unsuccessful because of the formation of a charge-transfer complex 
in the ground state between MovOBr4(CH3CN)_ and the electron donor. Other 
electron donors5:2 may be used in these experiments in order to avoid formation of 
charge transfer complexes in the ground state. The experiments could then be 
extended in the direction of multielectron photoreductions. Since these Mov oxo 
complexes have the dx electronic configuration, and since they are closely related to 
stable Mo17 and Mom complexes, this is a promising route.
Preliminary studies were done towards carrying out photochemical O-atom 
transfer from Mov OX4(CH3CN)-  to PPh3 and other oxygen acceptors. Although 
these initial experiments were unsuccessful, this type of reaction is still of interest. 
This is because useful reactions such as epoxidation of olefins and hydroxylation of 
alkanes could eventually be carried out photochemically.
In summary, the most promising directions for further research based on this 
work are the following:
i. The two-electron photooxidation of the Mom complexes could be turned 
into a catalytic cycle by using suitable reducing agents to reduce the Mov 
product to Mom.
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ii. Multielectron photoreductions of the Mov oxo complexes may be feasible 
because these complexes should be able to accept more than one electron.
iii. Photochemical O-atom transfer should be explored from MovOX4(L)“ 
complexes to model substrates such as phosphines. These studies could then 
be extended to more desirable reactions, such as the photochemical 
epoxidation of olefins and hydroxylation of alkanes.
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